Recent experimental findings in animals and humans indicate adverse respiratory effects from short -term exposures to particulate air pollutants, especially in sensitive subpopulations such as asthmatics. The relationship between air pollution and asthma has mainly been determined using particulate matter (PM) measurements from central sites. Validated tools are needed to assess exposures most relevant to health effects. Recently, a personal passive particulate sampler ( personal Data -RAM, pDR, MIE Inc., Bedford, MA ) has become available for studying personal exposures to PM with time resolution at 1 min. The pDR measures light scatter from PM in the 0.1 ± 10 M range, the significant range for health effects. In order to assess the ability of the pDR in predicting gravimetric mass, pDRs were collocated with PM 2.5 and PM 10 Harvard Impactors ( HI ) inside and outside nine homes of asthmatic children and at an outdoor central Air Pollution Control District site. Results are presented of comparisons between the HI samplers and the pDR in various modes of operation: passive, active, and active with a heated inlet. When used outdoors at fixed sites the pDR readings exhibit interference from high relative humidity ( RH ) unless operated with a method for drying inlet air such as a heater, or if readings at times of high RH are adjusted. The pDR correlates more highly with the HI PM 2.5 than with the HI PM 10 ( r 2 = 0.66 vs. 0.13 for outdoors, r 2 = 0.42 vs. 0.20 for indoors ) . The pDR appears to be a useful tool for an epidemiologic study that aims to examine the relationship between health outcomes and personal exposure to peaks in PM. Journal of Exposure Analysis and Environmental Epidemiology ( 2000 ) 10, 437 ± 445.
Introduction
Recent experimental findings in animals and humans indicate adverse respiratory effects from short -term exposures to particulate air pollutants, especially in sensitive subpopulations such as asthmatics (reviewed by U.S. Environmental Protection Agency, 1996; Schwartz and Neas, 2000 ) . What sizes and types of particles are relevant is still a matter of some debate (Loomis, 2000 ) and validated tools are needed to assess exposures most relevant to health effects. Information concerning real -time particle exposures of susceptible individuals in community settings is sparse, and has been identified as a data gap (Mage, 1985 ) . Of especial interest is the relationship between fixed site measures of ambient air pollution and personal exposures to particles of ambient origin (Mage et al., 1999 ) . Samplers that can be worn on the body to measure personal exposure to particulate matter ( PM) have been limited until recently to gravimetric active samplers. These types of personal measurement devices have the disadvantage that the air moving pumps are noisy and can be intrusive. Also, the method yields only an average PM concentration, and does not reflect the fluctuations in particulate levels over the time sampled. It may be important for epidemiologic studies to measure peak PM levels as well as averages, as peak PM excursions may have more influence on health outcome than average PM levels (Delfino et al., 1998; Michaels, 1998; Michaels and Kleinman, 2000 ) . Recently, a personal passive particulate sampler ( personal Data-RAM, pDR, MIE Inc., Bedford, MA ) has been developed that can continuously record PM exposures averaged over very short time intervals. The pDR responds mainly to PM in the 0.1± 10 M range, with the highest response in the fine particle range. The pDR is designed for use as a personal exposure monitor, and to make the unit light and quiet when worn it samples passively, by diffusion. These properties make the pDR potentially useful in studies of personal exposure to ambient air pollution. The pDR is a personal nephelometer which measures light scatter (source wavelength 880 nm ) from PM and relates these readings to mass concentration. While larger, fixed site nephelometers with active air moving devices have been used extensively to monitor PM air pollution, the performance of the pDR in estimating PM mass has not previously been evaluated in a field setting.
We present results of the performance of the pDR in estimating PM mass as measured by collocated PM 2.5 and PM 10 Harvard Impactors (HI ) inside and outside nine homes of asthmatic children and at an outdoor central Air Pollution Control District site. Subjects' homes were all in the same geographic area in Alpine, CA ( 25 miles east of San Diego) , a community of approximately 12,000 people living within the air inversion mixing zone (elevation 1200 ±2100 ft. ) . The long -term goal of the overall project is to estimate real -time personal exposure to fine PM using prediction equations from models relating actual real -time exposure to PM exposures measured at fixed monitoring sites inside and outside homes and at a central site. This data will be used to relate asthma symptoms and lung function to PM exposure.
There are some potential drawbacks to use of a personal nephelometer such as the pDR for assessment of PM exposure. Nephelometers respond to liquid or volatile components of the aerosol not measured by most gravimetric samplers ( see, e.g., Eatough et al., 1990 ) . This attribute can be beneficial if it measures semivolatiles important for health reasons, but can be confounding if much of the response is due to water in air ( Rogers and Watson, 1990 ) . In addition, instruments sampling through passive diffusion can oversample in windy conditions and undersample in still air. Evaluation of pDR performance for measurement of ambient aerosol in a field setting is therefore of interest in evaluating the utility of this instrument in measurement of personal exposure.
Methods

Sampling
Fixed -site measurements were made at nine homes and a central site, the San Diego Air Pollution Control District sampling station in Alpine. All homes were nonsmoking homes of asthmatic children aged 10 ± 14, and were within an 8 -mile radius of the central site. Sampling runs were of 2 -week duration, during which one indoor and one outdoor site was studied at each of three homes, together with the central site. All sampling took place between August and November, 1999. For each 2 -week period, home sites were monitored with PM 2.5 and PM 10 HI (Air Diagnostics and Engineering, Inc., Naples, ME ) and collocated pDRs. An additional set of all these instruments were collocated at the central site with a tapering element oscillating microbalance (TEOM) PM 10 monitor operated by the San Diego Air Pollution Control District ( APCD ) . TEOM readings at 1 -min intervals were obtained from the APCD. We operated the pDR in three modes: passive ( no pump ) , active (SKC personal sampling pump at 2 l/min using an MIE -supplied pDR adaptor ) and active heated (preheating by 308F, using an MIE -supplied heated air inlet ). The passive mode was run first, followed by the active mode, the active heated mode and a period with all three. The TEOM and the HIs were operating on all days.
Collection and Analysis of Samples
The HI samples were collected at 10 l /min onto Teflon filters ( Teflo w /ring, 37 mm 2.0 m, PTFE membrane, Gelman Laboratories, Ann Arbor, MI ) and were taken for 24 h from early evening to early evening. A calibrated field rotometer (SM1050, #604, Matheson, Montgomeryville, PA ) was used to check flow rate before and after sample collection (measured accuracy of rotometer against a bubble meter primary standard r 2 =0.9994 ). No samples had a difference of >10% between pre -and postsampling flow rates. Filters were conditioned before and after use in a temperature -and relative humidity (RH ) -controlled room (258C, 40% RH ) for 24 h. Filters were weighed on a Cahn Microbalance (Model 30, Cahn Instruments, Madison, WI ) . A Cahn Polonium 210 source was used to eliminate interference by electrostatic charges. Blanks corresponding to 10% of samples were deployed in HI impactors with no pump attached and the net weight of the blank was subtracted from each collocated active sample. The average subtracted blank weight was 0.87% of the average filter weights for PM 10 , and 2.2% for PM 2.5 . The pumps on the HIs had vibration sensors attached ( HOBO On / Off loggers, Onset Computer Corp, Pocasset, MA ) to record power outages or pump malfunction. At the start of the program, our enclosure boxes that had been heavily insulated to reduce sound at the subjects' homes were prone to overheating, and were subsequently modified. The HI pump malfunctioned on 20% of days, mostly due to pump overheating, and these data points were excluded.
The pDRs were zeroed before each use with the zeroing bag ( Z-Pouch ) supplied by MIE and then set to report samples averaged over 1 -min intervals. Data was downloaded every 24 h. The pDR data points were excluded if examination of the data indicated errors, such as incorrect electronic data file name or zeroing, which occurred on 8 days of 91 (9% ), all in indoor environments. Unless otherwise noted, pDR readings are reported in light scatter in units of Mm À 1 . The pDR records in units of g/m 3 as calibrated by the manufacturer using fine ISO test dust ( specific gravity = 2.6 g/ cm 3 , index of refraction 1.5, mass median diameter 2 ±3 m, ( g =2.5 ) . Readings in micrograms per cubic meter were converted to light scattering units by using the equation: (g/m 3 readings ) = 1.023 (light scatter in mM À 1 ) ( MIE technical note 8 -A, MIE Inc. ) . All pDRs had attached RH and temperature loggers recording at 1 -min intervals ( HOBO H8 logger indoors,``Pro series'' H8 logger outdoors, Onset Computer Corp., Pocasset, MA ) . The accuracy of RH measures was 3%. Data analysis used the SAS statistical program, Release 7, 1998 ( SAS Institute, Inc., Cary, NC ). A p value <0.05 was considered significant. Where pDR 1 -min readings were excluded during periods of high RH, the SAS ETS Expand procedure was used to interpolate for the excluded data points. A cubic spline (a segmented function of cubic polynomial functions combined to make the entire curve and its first and second derivatives continuous ) was fitted to the input series. This procedure was reasonable because Each data point represents a 1 -h average. ( D ) depicts the ratio of passive pDR measurements to active heated pDR measurements for the subset of days where the instruments were collocated at the central site. Data points for less than 10 Mm À 1 were excluded as the ratio was unstable at low values ( for example, 6 vs. 4 gave a high ratio, but these values are essentially the same ) . A similar graph of ratios for active unheated to passive pDR is not shown as there were no points at high humidity for that subset of days.
continuous time series observations such as the present one generally follow trend curves. On average, 3.8 h were interpolated per day.
Results
Outdoor pDR Operation in the Passive, Active and Active Heated Modes, Effect of High RH For outdoor pDR measurements, operation of the pDRs in a passive mode was subject to false high readings during periods of high RH. Figure 1 shows 24 h of data from pDRs operated outdoors in the passive, active, and active heated modes, with PM 10 data from the TEOM, all units being collocated outdoors at the central site. At RH values above 85% the 1 -h averages for all three pDR modes were high, at a time that the TEOM PM 10 reading was low. Both the passive and the active unheated modes of the pDR, but not the active heated mode, showed a greatly increased response where RH neared 100%. Figure 2A shows a scatter plot of 1 -h averages of pDR readings in passive mode vs. RH (as measured by the HOBO RH monitor attached to the pDR ) for pDRs located at the central site. A sharp increase of pDR readings occurs at values of RH above 85 ±90%. Figure 2B shows a similar plot for the pDR in active unheated mode, and Figure 2C data for the pDR in active heated mode. Even in the active unheated and active heated modes we observed an increase in pDR readings when RH was over 85± 90%. For the subset of days in which the pDR operated in passive mode was collocated with the pDR operated in the active heated mode, the ratio of readings in these modes was calculated and plotted in Figure 2D . This shows that the ratio is essentially constant except at RH >85%. Based on Figure 2A ±D, we eliminated any 1-min pDR reading for which the collocated sensors reported RH > 85% in order to dampen excessive excursions in pDR readings due to high humidity. The missing data points were then interpolated with splines ( see Methods ). The average percentage of pDR minutes interpolated at the central station was 9.8% for passive, 24% for active unheated and 14% for active heated. A. Outdoor operation of the pDR: comparison of gravimetric mass as measured by the HI to three modes of operation of the pDR Ð data unedited for high RH. PM 10 and PM 2.5 refer to the size cut of the HI samplers. In the passive mode, the pDR was operated with no air moving device and in the active mode was operated with a pump providing air flow at 2 l / min. In the active heated mode, the pDR was operated with a pump providing air flow at 2 l / min and a heating inlet. pDR data was collected in 1 -min averages which were then averaged over a 24 -h period to correspond to the 24 -h HI sample. pDR data is expressed in light scattering units ( Mm À 1 ) ( see Methods ) . B. Outdoor operation of the pDR: comparison of gravimetric mass as measured by the HI to three modes of operation of the pDR after exclusion of pDR readings where RH > 85%, with an interpolation procedure applied to missing data ( see Methods ) . C. Indoor operation of the pDR in a passive mode in subjects' homes: Comparison of gravimetric mass ( HI ) to the pDR ( see caption for A, above, for definitions ) .
The adjusted set of pDR data was then used to perform analyses of pDR readings vs. HI PM 10 and HI PM 2.5 readings, below.
Comparison of Outdoor pDR Readings to Collocated HI PM 10 and HI PM 2.5 Readings Table 1 gives correlations between the 24-h averages of pDR readings in the passive, active, and active heated modes and corresponding readings of the HI monitor samplers before ( Table 1A ) and after (Table 1B ) adjustment of readings where the RH was over 85%. The pDR readings in all three modes correlated better with HI PM 2.5, than with HI PM 10 readings, the best correlation being between active heated pDR and HI PM 2.5 ( r= 0.62, p< 0.0001, Table 1A ). After adjustment of readings where RH > 85%, the correlations between the HI PM 2.5 and all three modes of the pDR were very similar ( r= 0.66 or 0.65, Table 1B ) , indicating the need for a method to prevent misleading results from the pDR due to high RH. Evaluation of a personal passive particle monitor Quintana et al.
Comparison of Indoor Passive pDR to Collocated HI PM 10 and HI PM 2.5 Readings Testing pDRs in passive mode was only performed inside homes. Collocated RH loggers showed that RH values were mainly between 20 ± 60%, and RH did not appear to affect pDR readings in the indoor environment. Table 1C compares 24 -h averages of pDR readings in passive mode to corresponding readings of collocated indoor HI PM 10 and HI PM 2.5 samplers. The pDR readings correlated better with the HI PM 2.5 ( r 2 =0.42, p <0.001, n = 82) than with the HI PM 10 sampler (r 2 = 0.20, p < 0.001, n =81). The modest correlation between the pDR and the HI PM 2.5 sampler may have been due to persistently low range of mass concentrations. Another potential reason is the variation between homes in the ratio between light scatter and mass measurements, as discussed below (Table 2, Figure 4) .
Expression of pDR Units in Gravimetric Equivalents
As the pDR mass equivalent readings are based on calibrations of light scatter vs. mass using ISO fine test dust (see Methods ), calibration against the actual aerosol measured is needed in order to obtain the best prediction of PM mass. For a single aerosol, MIE suggests calibrating three times against the actual aerosol and using the mean ratio to relate the pDR to the calibrating sampler (MIE Technical Note 8 -A ). Others have used the slope of the regression line between light scattering and PM 2.5 measurements (Waggoner and Weiss, 1980; Brauer, 1995 ) . The issue of how best to calibrate the pDR for use in epidemiologic studies of personal exposure is complex when the pDR is used in a variety of microenvironments. Here we present data suggesting that calibration factors may differ between microenvironments. Our results ( Table 1) suggest that the best gravimetric equivalent for the readings from the pDR would be HI PM 2.5 mass. The ratio of the average pDR light scatter to HI PM 2.5 mass reading is 0.48 (Table 1B ) for active heated outside and as 0.71 (Table  1C ) for active heated inside, and these ratios could be used as calibration factors.
However, the calibration factor might vary if the aerosol differed significantly between homes. One crude measure of similarity of aerosol is the HI PM 2.5 /PM 10 ratio. Although this ratio does not reflect differences in light scatter within an aerosol mode, the pDR responds to particles over the 0.1 ±10 M size range and mass estimates can be affected by changes in composition, if the light scatter properties vary between aerosol modes. Table 2 presents the HI PM 2.5 / PM 10 ratios for indoor and outdoor locations at nine homes and at the central site. The indoor ratios ranged from 0.29 to 0.48, and the outdoor ratios ranged from 0.32 to 0.59, showing that some variation between aerosol modes was present. Figure 4A and B show the correlation between readings of a pDR in passive mode and a HI PM 2.5 sampler in two homes selected to have HI PM 2.5 /PM 10 ratios at the extremes. The two homes show different slopes, possibly indicating that a different mass correction is required for these homes.
Discussion
This research was directed towards assessment of a new tool for measuring personal exposure to particulate air pollution. Previous studies of the relationship between air pollution and asthma have been based on PM measurements made at central site locations in the community. The relationship of these central measurements of ambient air pollution to personal exposure inside and outside the home will help elucidate the predictive value of central site measurements. Here we evaluated the ability of the pDR to estimate gravimetric equivalent mass exposure. As the pDR is a nephelometer detecting light scattering by PM, it may not give as accurate a measure of PM mass as other sampling devices based on gravimetric analysis. However, as peaks in particle concentrations may be more related to health outcome than average exposures, some loss of accuracy may be acceptable in order to characterize short -term peaks in PM for an epidemiologic field study.
Performance of the pDR in Outdoor Environments
We report that the pDR readings from outdoor locations were influenced by RH greater than about 85%, as measured by a collocated HOBO H8 logger. The increase in response at high RH has been observed for fixed site nephelometers ( Thomas and Gebhart, 1994 ) and may be due to a change in the size of the PM (John et al., 1990 ).
The theoretical point at which the relationship between light scatter and mass would deviate from linear has been calculated as 60% RH ( Thomas and Gebhart, 1994 ) . We took the approach of excluding and interpolating potentially affected 1 -min pDR data points where RH > 85% as recorded by a collocated RH logger. This appears to be a useful approach if the pDR is used for personal monitoring in Southern California, where relatively few high RH values occur during the day but instead occur outside at night, when a subject being monitored will generally be indoors. In our data the r 2 with the HI PM 2.5 sampler significantly improved after interpolating all pDR 1-min readings with collocated 1 -min RH readings > 85% (Table 1 ) . However, this may not be a viable approach for humid areas. Other corrective actions such as using RH data to adjust pDR readings for PM mass might be an option (Richards et al., 1999 ) . The utility of this method depends on accurate RH measurements, however (Richards et al., 1999 ) , so perhaps would require a more accurate RH logger than the one used here. The pDR readings correlated better with the HI PM 2.5 than with the PM 10 sampler readings. This was also reported by Brauer ( 1995 ) , for a nephelometer operating at 530 nm. This suggests that the most appropriate mass calibration for the pDR is against PM 2.5 . The relationship between light scatter and mass depends on the diameter of particles, the refractive index, and the density of the particles (Thomas and Gebhart, 1994 ) . The distribution of particle sizes in ambient air varies over space ( Hering et al., 1997 ) and time (Morawska et al., 1999 ) . These studies argue that it might be difficult to calibrate the pDR for gravimetric equivalent estimates of ambient air pollution as the ratio might be constantly changing. However, in one study Waggoner and Weiss ( 1980 ) found the relationship of light -scattering coefficient to fine particle mass to be surprisingly constant over different sites. This data suggests that the nephelometer can be robust for estimating fine particle mass even between different sites.
The heater used in our sampling was supplied by MIE and heats air 308F above ambient. This heater may need improvement for optimal use with the pDR. The fact that the heated pDR measurements were still inflated during periods of RH greater than 85% (Figure 1 ) indicates that the heated air may have cooled before reaching the pDR. A long tube connects the heater to the pDR adaptor. We are currently testing a modified version of the heater with a shorter tube. Also, we have modified the heater to be activated only during periods of high RH, as the increase of 308F above ambient may have been excessive for hot days. Examining data on pDR response vs. temperature ( analysis not shown, but see right side of Figure 1 ) , it appears that the pDR in active heated mode may be under-reporting when compared to the passive mode for measurements made at ambient temperatures over 908F. This may be due to the loss of semivolatile components (Bergin et al., 1997 ) . In Southern California, a significant fraction of the aerosol in the accumulation mode consists of particulate ammonium nitrate ( John et al., 1990 ). An alternative to the use of a heater with the pDR would be to use a diffusion drier to control the effect of high RH. Since the measurements are made for 24-h periods this requires a device with a very large capacity for water uptake, and the models we tested were not adequate. However, such a device could be constructed.
Performance of the pDR in Indoor Environments in a Passive Mode
High RH values were not observed in indoor environments, and we did not operate the pDR with a heater indoors. Although the correlation between the pDR and the HI PM 2.5 samplers in indoor environments was lower in our study than in a previous report ( Brauer, 1995 ) , this may have been due to the low ranges of mass concentration in the homes; only 3 ±26 g/m 3 for HI PM 2.5 24 -h averages. Another explanation is that the r 2 is low due to pooling of data points from homes with different ratios of light scatter to PM mass, as a higher r 2 was found within a single home ( Figure 4A  and B ) . Brauer ( 1995 ) found in his study, as in ours, that the ratio of light scattering to mass measurement was lower in indoor air than in outdoor air. This argues that the pDR readings should be calibrated separately for indoor vs. outdoor microenvironments. A diary kept by a subject while wearing the pDR could be used to determine subject location and appropriate calibration factors could be applied to the 1-min pDR data after it is collected. We also found an apparent difference between individual homes in the ratios of light scatter to mass ( Figure 4 ) . The differences that we observed between homes indicate that conversion factors from pDR readings to gravimetric mass may have to be calculated and applied to each home environment separately.
Conclusions
In summary, our results suggest that the pDR may be operated in the passive mode indoors, but must be operated with a method for drying inlet air an active adapter and heated inlet when used outside outdoors at fixed sites due to interference from high RH. An acceptable alternative in our data was to adjust readings obtained at times of high RH. Operation of the pDR in passive mode indoors in the subjects' homes in the low concentrations found in this study appeared to give mass concentrations similar to the HI PM 2.5 , but performance at higher indoor concentrations needs to be evaluated. For personal monitoring in this geographic area, RH probably would not present a problem as most instances of high RH were at night. Use of a personal RH logger collocated with the pDR could be used to exclude pDR data associated with high RH in those instances where it occurred during personal monitoring.
The pDR appears to be a useful tool for an epidemiologic study that aims to examine the relationship between health outcomes and personal exposure to PM over short -term durations of time (1 -h averaging times or less ) . In such a study, the level of exposure misclassification would be considerably less than the standard use of central site data, and likely to be more informative than the standard use of 24-h average gravimetric data (Delfino et al., 1998 ) . Therefore, although the r 2 value of 0.66 obtained between ambient pDR measures and HI PM 2.5 is an analytically modest reflection of gravimetric mass variability, it likely represents a major improvement over the usual approaches to exposure assessment in epidemiologic settings. Use of the pDR for personal exposures has potential for studying short -term peaks in personal exposures to fine PM in a susceptible population of asthmatic children.
